
VOL. 78, NO. 33 JOURNAL OF GEOPHYSICAL RESEARCH NOVEMBER 20, 1973 

Is the West Antarctic Ice Sheet Disintegrating? 
T. HUGHES 

Institute o] Polar Studies, The Ohio State University, Columbus, Ohio 43210 

Data pertaining to the dynamics and history of the west antarctic ice cover are reviewed 
and interpreted in terms of a possible inherent instability of the ice cover. A study of pub- 
lished dat• concerning the past and present ice cover of West Antarctica indicates that during 
the last few million years the ice sheet has been retreating in stages, each retreat stage being 
preceded by an advance of comparable duration. Thus disintegration of the west antarctic ice 
sheet seems to follow the disintegration pattern of other continental ice sheets and may be 
the last phase of the wo.rldwide Late Cenozoic ice age. At least some of the retreat stages 
seem to have been rapid enough to be called surges. Stages of advance seem to have temporar- 
ily introduced equilibrium conditions, since equilibrium ice sheet surface profiles can be 
reconstructed from the moraines, etc., and thus mark the stable limits of each advance. 
Present ice sheet surface profiles along flowlines entering both the Ronne and the Ross ice 
shelves from Marie Byrd Land are not equilibrium profiles, suggesting that the west antarctic 
ice sheet is unstable. An analysis of the grounded portion of the west antarctic ice cover 
indicates that data relating to the surface profile, ice velocity, and the mass balance are all 
incompatible with an equilibrium ice sheet. Instability seems to be centered in the major ice 
streams that drain Marie Byrd Land. An analysis of the floating portion of the west antarctic 
ice cover indicates that basal melting is most pronounced along the Siple Coast of the Ross 
ice shelf and causes retreat of the grounding line into Marie Byrd Land. Instability seems to 
be related to sudden retreats of the grounding line. 

Beginning with the 1957-1958 International 
Geophysical Year in Antarctica, traverses over 
the ice sheet have determined surface mean 

annual temperature, surface elevation, ice thick- 
ness, and snow accumulation for most of the 
continent. The various ice drainage basins of 
Antarctica defined by ice flowlines are approx- 
imately shown in Figure I [Giovinetto., 1964; 
Budd et al., 1970]. The west antarctic ice sheet 
is the most extensively studied, especially the 
Ross Sea ice drainage basin, as is shown by 
the articles in volumes 2 and 16 of the Antarctic 
Research Series published by the American 
Geophysical Union [Mellor, 1964; Craw, 1971], 
the coreholes at Little America 5 and Byrd Sta- 
tion [Bende'r and Gow, 1961; Craw, 1961; 
Gow et al., 1968; Gow• 1970; Johnsen et al., 
1972], the Ross ice shelf survey (RISS) tra- 
verse [Dotter et al., 1969; Dorre'r, 1970], the 
Byrd Station strain net (BSSN) traverse [De- 
wart, 1973; Whillans, 1973a, b; Brecher, 1973], 
the Scott Polar Research Institute-National 

Science Foundation (SPRI-NSF) radio echo 
aerial traverses [Robin et al., 1970a, b; Evans 

Copyright (• 1'973 by the American Geophysical Union. 

and Ro. bin, 1972], and shallow coring in the 
Ross Sea and the Weddell Sea during various 
cruises of the U.S.N.S. Eltanin and the 
U.S.C.G.C. Glacier [Fillon, 1972; Anderson, 
1972]. 

Comparing the American Geographical So- 
ciety 1970 map of Antarctica with the United 
S•ates Geological Survey 1972 map of the Ross 
ice shelf suggests that major ice streams can be 
traced from the grounded ice cover of Marie 
Byrd Land across the floating ice cover of the 
Ross ice shelf to the continental shelf of the 

Ross Sea. This impression is emphasized in 
Figure 2, which shows ice elevation contours 
and thick ice regions in Marie Byrd Land, ice 
thickness contours on the Ross ice shelf, and 
bathymetry contours in the Ross Sea. Trends 
of major ice streams are shown as dotted bands, 
and the pattern of these ice streams is surpris- 
ingly well defined. Active ice streams in Marie 
Byrd Land are revealed by crevasse fields and 
concave surface profiles along the flow direc- 
tion and by reduced ice elevation but increased 
ice thickness across the flow direction. Passive 

ice streams on the Ross ice shelf are revealed 

by elongated lobes of thick ice in the flow di- 
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Fig. 1. The distribution of ice flow in Antarctica. Shown are (1) ice flowlines drawn normal 
to elevation contours, (2) ice drainage basins separated by ice divides, and (3) known deposi- 
tion sites of the Sirius Formation (solid circles). (Modified from Budd ½t al. [1970] and 
Mayewski [ 1972]. 

rection, although flow velocity is remarkably 
uniform transverse to the flow direction. Former 

ice streams on the Ross Sea floor are revealed 

by eroded linear troughs that extend from the 
Ross ice shelf barrier to the continental shelf, 
and they seem to match the passive ice stream 
contours on the ice shelf. The overall impres- 
sion is that the ice streams are stable features, 
but their position of grounding is unstable. This 
would explain their fossil definition on the Ross 
Sea floor, their passive definition on the Ross 
ice shelf, and their active definition in Marie 
Byrd Land. 

The Ross Sea ice drainage basin is divided 
into east antarctic and west antarctic portions 
by the Transantarctic Mountains, and the 
latter portion has several features which suggest 
nonequilibrium flow conditions; specifically, (1) 
the ice surface is generally concave whereas 

an equilibrium ice sheet has a convex surface 
[Nye, 1959, 1967; Hae[eli, 1961; Weertman, 
1961], (2) evidence of extensive past glaciation• 
is preserved in bordering unglaciated areas and 
on •he Ross Sea floor [Wade, 1937; Douma•i, 
1964; Mercer, 1968a, 1972; Calkin eta/., 1970; 
Denton et al., 1970; Houtz and Meijer, 1970; 
LeMasurier, 1972; Mayewski, 1972; Fillon, 
1972], (3) the floating ice cover and possibly 
the grounded ice cover overlies bedrock that is 
apparently in isostatic uplift, presumably due 
to partial reduction of a heavier former ice 
cover [Bennett, 1964; Robinson, 1964; Bentley, 
1964], (4) ice elevations formerly were several 
hundred meters higher than at present according 
to oxygen isotope analyses of ice cores at Byrd 
Station and Little America 5 [Johnsen et al., 
1972; Dansgaard, personal communication, 
1972], (5) between Byrd Station and the ice 
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divide, downstream ice output quite possibly 
exceeds the precipitation ice input, suggesting 
a negative ice budget in this region [Whillans, 
1973a, b; Brecher, 1973], (6) a wet base under- 
lies most or all of the grounded ice sheet, which 
is a neces•ry but not sufficient condition for a 
surge of the ice sheet [Zotikov, 1963a; Gow 
et al., 1968; Weertman, 1969; Robin et al., 
1970b; Budd et al., 1970; Dewart, 1973], and 
(7) thermal instability may be widespread in 
the grounded ice cover and might-lead to 
thermal convection [Hughes, 1971, 1972a, 
b; Bentley, 1971] and perhaps surges [Wilson, 
1964; Weertman, 1966; Hughes, 1970]. 

Most of the Ross Sea ice drainage basin 

terminates in the Ross ice shelf. The major 
ice streams feeding the Ross ice shelf from the 
grounded ice cover in East Antarctica and 
West Antarctica are shown in Figure 2. Three 
ice streams are of particular interest. Ice 
stream D approximately parallels the BSSN 
traverse and is near the only coreholes through 
the grounded ice cover (at Byrd Station) and 
the floating ice cover (at Little America 5) of 
the drainage basin. Ice stream C approximately 
parallels the Bentley subglacial trench, and 
intersects the E-W leg (at station 53) and the 
N-S leg (at station 133) of the RISS traverse. 
Ice stream A is the approximate boundary 
between the portions of the Ross ice shelf fed 

•,.•, .... %..•.,/- 
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Fig. 2. Ice flowlines in the west antarctic portion of the Ross Sea ice drainage basin. 
Shown are (1) 500-meter ice elevation contours in Marie Byrd Land, 50-meter ice thickness 
contours on the Ross ice shelf, and 500-meter bathymetry contours in the Ross Sea (dashed 
lines), (2) ice flowlines drawn mainly normal to ice elevation and ice thickness contours (thin 
lines), (3) the major ice streams feeding the Ross ice shelf (dotted areas), (4) the Marie 
Byrd Land drainage areas of ice streams A-E (dot-dash lines), (5) areas of thick ice along 
Marie Byrd Land traverses (open circles), (6) mountainous regions (blackened areas), (7) 
ice shelf barriers (segmented lines), and (8) an ice flowline that apparently passes through 
Byrd Station, RISS station 133, and RISS station 53 (heavy line). (Based mainly on the 
SPRI-NSF radio echo flights.) 
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from East Antarctica and West Antarctica. The 
delineation of these ice streams is a result of 

the recent SPRI-NSF radio echo flights [Evans 
and Robin, 1972]. 

New information obtained from mapping ice 
streams, from the BSSI• and RISS traverses, 
and from the Byrd Station and Little America 
5 coreholes, make possible a stability analysis 
of the west antarctic portion of the Ross Sea 
ice drainage basin. This paper presents such an 
analysis. 

Earlier studies of the Ross Sea ice drainage 
basin have usually tacitly or overtly assumed 
that the ice cover was stable and essentially 
in equilibrium, with any net positive or negative 
mass balance being a perturbation of a funda- 
mentally equilibrium condition. Mass balance 
studies have been made for the east antarctic 

portion by Giovinetto et al. [1966], for the 
west antarctic portion by Gio.vinetto and 
Zumberge [1968], and for the Ross ice shelf 
by Crary et al. [1962a, 1962b] and Zumbe'rge 
[1964; unpublished data, 1971]. Since the early 
investigators usually assume equilibrium con- 
ditions, perhaps it is not surprising that they 
find the ice cover to be stable or perhaps growing 
slightly. However, the seven remarkable features 
listed above suggest that the west antarctic 
portion may be unstable and that a prior 
assumption of fundamental equilibrium may be 
misleading. In this paper no assumption is made 
regarding the degree of equilibrium in the hope 
that the true condition of the west antarctic 

ice cover will then emerge. 
The question of whether instability is inherent 

in the west antarctic ice sheet is of major 
importance, since its disintegration would raise 
sea level over 4 meters worldwide. Calculations 

dealing with such an important question should 
be supported by a full error analysis. Un- 
fortunately, existing data make a complete error 
analysis impossible. For this reason, maximum 
error limits are employed when they are known 
in the hope that, when combined with terms of 
uncertain accuracy, an average error is obtained. 

PAST AND PRESENT ICE COVER OF WEST 

ANTARCTICA 

The glacial record in West Antarctica. 
Among all the drainage basins of the antarctic 
ice sheet, non-equilibrium concave surface 
profiles exist only for those parts of the west 

antarctic ice sheet which feed the Filchner- 
Ronne ice shelf between the Ellsworth 
Mountains and the Pensacola Mountains and 
feed the Ross ice shelf between the Edsel Ford 

Range and the Hofiick Mountains. This suggests 
that the dynamic system of a large floating ice 
shelf fed by a concave ice sheet grounded below 
sea level represents an atypical, and hence 
unstable, ice cover. Instability should be re- 
flected in the glacial record. 

Figure 3 shows twenty regions preserving a 
record of past glaciation in Antarctica, implying 
an ancient ice sheet that may have extended 
to the continental shelf if the highest former 
ice levels in West Antarctica [Wade, 1937; 
Cameron and Goldthwait, 1961; Craddock et al., 
1964; Douman/, 1964; Rut•ord et al., 1972; 
LeMasurier, 1972] and the Transantarctic 
Mountains [Cameron and Goldthwait, 1961; 
Mercer, 1968a, b, 1972; Mayewski, 1972] were 
contemporaneous with each other and with 
glacial events in the so-called 'Dry Valleys' 
near McMurdo Sound [Calkin, 1970; Denton 
et al., 1970, 1971; Webb, 1972; McSaveney 
and McSaveney, 1972], on Beaufort Island 
[P•w•, 1960], on the Ross Sea floor [Angino 
and L•pley, 1966; Houtz and Meijer, 1970; 
Chriss and Frakes, 1972; Fillon, 1972], and on 
the Weddell Sea floor [Anderson, 1972]. Tracing 
the history of this postulated ancient ice sheet is 
speculative at best, and the reconstruction pre- 
sented here should be compared with that by 
Denton et al. [1971]. Assuming such an ice sheet 
existed, dates relating to its possible history have 
been obtained from volcanoes along the Bakutis 
and Hobbs coasts of Marie Byrd Land 
[LeMasurier, 1972] and in the Jones Mountains 
of Ellsworth Land [Rut]ord et al., 1972]; from 
lava flows, marine shells, algae, and mummified 
seals in the Dry Valleys region of south Victoria 
Land [Nichols, 1961; Denton et al., 1970]; 
from oxygen isotope ratios taken from ice cores 
at Byrd Station [Johnsen et al., 1972]; and 
from benthic foraminiferal faunas in the Ross 

Sea [Fillon, 1972] and the Weddell Sea [Ander- 
son, 1972] that were recovered from piston 
cores. The history of the antarctic ice sheet 
postulated from this record treats only verifiable 
Late Cenozoic glaciations, defined as ice sheet 
advances strong enough to require significant 
advances of the Ross ice shelf and Filchher- 
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Ronne ice shelf grounding lines. Mercer [1973] 
thoroughly reviews all available data. 

Reco•tructing the history o] the ice cover. 
The postulated ancient Antarctic ice sheet 
would have reached the edge of the northern 
Marie Byrd Land continental shelf 7.0 _ 1.1 
m.y. ago for the subglacial eruption of Mt. 
Steere (Figure 3, region 13) dated by LeMa•ur- 
ier [1972] and may have been the Taylor 5 
glaciation of Denton et al. [1970], which cov- 
ered the Dry Valleys (Figure 3, regions 7 and 8) 
more than 3.7 m.y. ago, since the ice sheet 
apparently extended to the Weddell Sea conti- 
nental shelf from before 5.1 m.y. ago down to 
3.3 m.y. ago [Anderson, 1972]. By 3.7 m.y. ago 
this ice sheet had retreated sufiqciently to per- 
mit a marine invasion of Wright Valley (Figure 
3, region 8) that brought foraminifera and 
pectens [Webb, 1972]. The retreat may also 
have allowed deposition of the massive till layer 
of the Sirius Formation [Mercer, 1972; Mayew- 
ski, 1972, 1973] in the Transantarctic Mountains 
(Figure 3, regions 1-9). This retreat was quite 
rapid, possibly the result of a surge, because the 
marine. invasion of Wright Valley required 
a 600-meter depression of the valley floor, 
assuming no subsequent tectonic uplift 
[McSaveney and McSaveney, 1972]. Granting 
this, isostatic uplift could not have initially 
kept pace with the reduction of the ice cover. 
This retreat also occurred in the Weddell Sea, 
beginning 3.3 m.y. ago and ending perhaps 2.4 
m.y. ago [Anderson, 1972]. 

A second advance of the ice sheet began 
between 2.7 m.y. ago and 2.1 m.y. ago in 
Taylor Valley, causing the Taylor 4 glaciation 
from the thickened plateau ice and the Ross 
Sea 4 glaciation from the regrounded Ross ice 
shelf [Denton et al., 1970]. By 2.0 m.y. ago 
the Ross ice shelf grounding line seems to 
have advanced to near the continental shelf 

of the Ross Sea IFil!on, 1972], where the shallow 
banks described• by Angino and Lepley [1966] 
are anticlines that seem to have been planed 
fiat and sometimes deeply grooved by a sliding 
ice sheet [Houtz and Meijer, 1970]. The ice 
sheet remained grounded near the edge bf the 
Marie Byrd Land continental shelf as late as 
0.82 ñ 0.14 m.y. ago when Mr. Murphy 
(Figure 3, region 15) erupted under the ice 
[LeMasurier, 1972]. This glaciation seems to 
have begun 2.4 m.y. ago and ended 0.3 m.y. 

ago in the Weddell Sea [Anderso•, 1972]. By 
0.7 m.y. ago the ice sheet had became un- 
grounded in the northern Ross Sea [Fillon, 
1972], perhaps creating a floating ice shelf whose 
ablating underside left the drop-stone deposits 
described by Chriss and Frakes [1972]. By 0.5 ñ 
0.2 m.y. ago the thinning ice sheet had reached 
present ice elevations near Toney Mountain 
(Figure 3, region 14), which erupted above the 
ice [LeMasurier, 1972]. This retreat might 
have deposited the interbedded till and stratified 
lens layer covering the massive till layer of the 
Sirius formation in the central Transantarctic 

Mountains (Figure 3, regions 1-6) described 
by Mercer [1968a, 1972] and Mayewski [1972, 
1973]. In the western Transantarctic Mountains 
(Figure 3, regions 7-9) the maximum ice 
elevation was below the older massive till layer 
deposited as the Sirius Formation by the first 
retreat of the ice sheet [Mayews.ki, 1972, 1973]. 

A third advance of the ice sheet is indicated 

by unusually thick ice in Marie Byrd Land 
where Mt. Takahe (Figure 3, region 16) erupted 
subglacially less than 0.24 m.y. ago. [LeMasurier, 
1972]. Ice thickening in Marie Byrd Land 
would have grounded the Ross ice shelf, leading 
to Ross Sea 3 glaciation, and ice thickening 
on the polar plateau of East Antarctica would 
have caused Taylor 3 glaciation, both in Taylor 
Valley [Denton et al., 1970]. The corresponding 
glaciations in Wright Valley described by Calkin 
et al. [1970] are unresolved, owing to the new 
interpretation of the pecten glacial event by 
McSaveney and McSaveney [1972]. The 
Weddell Sea glaciation during this period began 
0.255 m.y. ago and ended 0.235 m.y. ago 
[Anderson., 1972]. Retreat of the ice presumably 
deposited the highest lateral moraines that 
Mercer [1968a, 1972] found in the valleys of 
Reedy glacier (Figure 3, region 1) and Beard- 
more glacier (Figure 3, region 5). These lateral 
moraines are Considerably lower than the basal 
moraines of the Sirius Formation deposited by 
the earlier advances. 

A fourth advance of the ice sheet again 
grounded the Ross ice shelf, leading to the 
Ross Sea 2 and perhaps the loop glaciation in 
Taylor Valley and Wright Valley, respectively, 
and the concurrent ice thickening on the polar 
plateau led to Taylor 2 glaciation and perhaps 
Wright upper 4 glaciation [Denton et al., 1970; 
Calkin et al., 1970]. The Weddell Sea glaciation 
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during this period began 0.205 m.y. ago and 
ended about 0.165 m.y. ago [Anderso•, 1972]. 

A fifth advance of the ice sheet more than 

0.05 m.y. ago occurred when thickening ice in 
Marie Byrd Land again grounded the Ross ice 
shelf, causing Ross Sea I and perhaps the 
trilogy g!aciation, and thickening ice on the 
east antarctic polar plateau again invaded the 
Dry Valleys, causing Taylor I and perhaps 
Wright upper 3 g!aciation [Dento• et al., 1970; 
Calkin et al., 1970]. The Wedde!! Sea-glaciation 
during this period began 0.145 m.y. ago and 
ended 0.107 m.y. ago [Anderson, 1972]. 

The subsequent retreat may have been due to 
high Sangamon-Barbados interglacial temper- 
atures and sea levels, which ungrounded the 
Ross ice shelf and greatly thinned the Marie 
Byrd Land grounded ice cover between 0.12 
[Mercer, 1968b] and 0.08 m.y. ago [Broecker 
et al., 1968; Johnsen et al., 1972 corrigendum]. 
The retreat also thinned the ice cover on the 

polar plateau of East Antarctica, freeing the 
Dry Valleys of ice and leaving the lateral 
moraines above outlet glaciers through the 
central Transantarctic Mountains (Figure 3, 
regions 1-5) described by Mercer [1968a, 1972] 
and Mayewski [1972, 1973]. This deglaciation 
was perhaps the most extensive retreat to date 
for the antarctic ice sheet, since it apparently 
was strongly influenced by high Pleistocene in- 
terglacial temperatures and sea levels. 

A minor sixth glaciation may presently be 
in retreat if the lowest ice-cored moraines 

alongside and slightly above the outlet glaciers 
in the central Transantarctic M•)untains (Figure 
3, regions 1-5) observed by Mercer [1968a, 
1972] and Mayewski [1972, 1973] correlate with 
Wright upper 2 and Wright lower glaciations 
in Wright Valley [Calkin et al., 1970]. The 
corresponding Weddell Sea glaciation began 
a.bout 0.072 m.y. ago and ended 0.043 m.y ago 
lAndersera, 1972]. Retreat of the sixth glaciation 
began about 0.01 m.y. ago in the Dry Valleys 
[Denton et al., 1970], leaving the ice-cored 
lateral moraine system in the outlet glacier 
valleys through the central Transantarctic 
Mountains [Mercer, 1968a, 1972; Mayewski, 
1972, 1973] and initiating ice thinning near Byrd 
Station in central Marie Byrd Land 4000 years 
ago [Johnsen et al., 1972]. 

Table I summarizes the proposed history of 
the west antarctic ice sheet. If this history is 
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approximately correct, the ice sheet has been 
in general' retreat, checked by occasional re- 
advances, for the last few million years. Further- 
more, as the ice sheet disintegrates, each 
recognized readvance seems to be less than the 
previous one and of shorter duration. However, 
this may be misleading because glaciations are 
harder to identify the older they are. Whether 
the ice sheet is presently advancing or retreating 
is considered in the following sections. 

PAST AND PRESENT SURFACE PROFILES , 

OF THE ICE SHEET 

The flow law ]or ice in steady state creep. 
The external variables influencing creep are 
temperature T, pressure melting temperature 
T•,, hydrostatic pressure P, effective stress •, 
effective strain •, effective strain rate •, time 
t, and the deformation environment. For steady 
state creep the effect of P can often be expressed 
in terms of the homologous temperature TITs,, 
and the effects of e and t can be expressed in 
terms of •. 

Nye [1'953, 1957] first used ß and e• to 
represent the respective deviator stress com- 
ponents •r•j and strain rate components e•j 
in glaciers, where i, j, -- x, y, z for orthogonal 
axes whose origin is at the top or botto.m 
surface of the glacier. Glen [1955] first showed 
that high temperature steady state creep in 
ice is thermally activated with T related to a 
thermal activation energy Q through the ideal 
gas constant R, and showed that • increases 
with .• to the power n. The effect of P on the 
creep of ice was first studied by Rigsby [1958], 
and Weertman [1968] related P to T/T• using 
Rigsby's data. 

Many creep investigations of ice have been 
made, and it is now rather well established 
that ice obeys the flow law commonly observed 
for crystalline materials' . 

e* = (•/A) n = B exp (--Q/RT)• • 

= B exp (--CT•/T)• (1) 

where A, B, C', and n are parameters that in 
varying degrees depend on internal variables 
intrinsic in a particular ice specimen. These 
internal variables are grain configuration (size 
and shape), grain fabric (the pattern of optic 
axes), ice density (the size and concentration of 
trapped air bubbles), and ice purity (soluble 
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ions and insoluble particles). Quantitative 
relationships between the intrinsic variables 
and ice creep have generally not been experi- 
mentally determined [Budd, 1969; Hughes, 
1972c]. 

Creep in the west antarctic ice sheet. 
rameters C and n are most easily determined 
by altering the external variables of temperature 
and stress, respectively, and are reasonably 
well known. However C and n may also have 
separate values for basal and prismatic creep 
in ice [Hughes, 1972c; Weertman, 1972b]. 
Reasonable limits in single crystals are C -- 
26 -- 3 and n ;-- 3.0 -- 1.5, with the lower 
limits for diffusion and glide in the basal planes 
and the upper limit for diffusion and glide in 
the prismatic planes [Butkovich and Landauer, 
1958; Itagaki, 1964; Higashi et al., 1964, 1965, 
1968; Higashi, 1969]. For polycrystalline ice 
C -- 29 is the best average, with n -- 1.5 as a 
minimum value for single maximum fabrics 
(approximating basal glide) and n -- 3.0 as 
an average value for random fabrics (mixed 
basal and prismatic glide). Flow law values 
in this paper will be based on C - 29 for both 
n -- 1.5 and n -- 3.0 in the hope that creep in 
all intermediate fabrics will be bracketed by 
these extreme values. 

It seems likely that the variation of B with 
depth in the west antarctic ice cover may be 
relatively insensitive to location along an ice 
streamline. As previously mentioned, B is sensi- 
tive to the ice grain size, fabric, density, and 
purity. The vertical variation of these properties 
is remarkably similar at Byrd Station [Gow, 
1963, 1970; Gow et al., 1968] and Little Amer- 
ica 5 [Bender and Gow, 1961; Gow, 1963, 1970; 
Gow et al., 1968], although the former is near 
the Marie Byrd Land ice divide and the latter 
is near the Ross ice shelf barrier. Both locations 
are in the vicinity of a major ice stream (Figure 
2). Hence the factors which control B seem to 
be constant along an ice stream from its origin 
on the grounded ice cover to its terminus on 
the floating ice cover, and a B value calculated 
at one position along the ice stream can be 
used at other positions. As shown by equation 1, 
the evaluation of B at a given position on the 
ice stream requires knowing the stress, strain 
rate, and temperature variation with depth. 
The vertical temperature profile at Little Amer- 
ica 5 (Figure 5) is known from the corehole, and 

the simplified stress and strain rate equations for 
a floating ice shelf [Weertman, 1957] allow an 
average B to be calculated [Hughes, 1972c]. 
These values are B -- 1.9 X 10 • bar -• sec -• for 
n -- 1.5 and B -- 3.2 X 10 • bar -• sec -• for n -- 

3, both for C -- 29. 
Past and present surface profiles o.• the ice 

cover. T•ward the continental interior, former 
ice sheet elevations prior to the six postulated 
stages of retreat can be estimated from the till 
layers of the Sirius Formation (see appendix) 
and the various systems of lateral moraines in 
the central Transantarctic Mountains (Figure 
3, regions 1-6). Toward the continental margin, 
former ice sheet elevations prior to the six 
postulated stages of retreat can be estimated 
from the older massive till layer of the Sirius 
Formation (see appendix) and the four Dry 
Valleys glaciation levels in the western Trans- 
antarctic Mountains (Figure 3, regions 7-9). 

The twenty known regions affected by the 
former glaciations are located in Figure 3, and 
the former ice elevations in these regions are 
not corrected for either isostatic or tectonic 

changes in Table I (however, see appendix). _It 
is useful to compare the present ice sheet profile 
along the flowline in Figure 3 with past profiles 
estimated from the data in Table 1. This com- 

parigon is made in Figure 4 for the oldest and 
youngest periods of major ice sheet advance. 
Along the flowline, x is horizontal and positive 
down the flowline, y is horizontal and normal 
to the flowline, z is vertical and positive upward, 
and the origin of the coordinates is taken at the 
ice-bedrock interface under the ice divide. For- 

mer ice sheet elevations along the flowline are 
estimated by extending y to sites in regions 
1-10 in Figure 3 and using the ice elevations 
listed in Table I as the maximum ice sheet 

elevation along the flowline for each x, y, z 
coordinate. These points are the open circles 
in Figure 4. Since rock averages three times 
the density of ice, a large ice sheet (1 km or 
more thick) will isostatically depress the under- 
lying bedrock an amount equal to about one- 
third of the ice thickness [Weertman, 1961]. 
Therefore the actual former ice elevations along 
the flowline in Figure 3 will be two-thirds of 
the distance from the present ice'surface to the 
open circles in Figure 4, and these elevations 
are indicated by the solid circles. 

Ice moving from the Marie Byrd Land ice 
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TABLE 1. Tentative Ice Sheet Elevations (in Meters) for Dormer 

Regions 

Glaciation G1 aciation G1 aciation 
Phase 1 Phase 2 Phase 3 

Advance 

7.0+1.1 a 
3.Sñ0.2 b 

Retreat Advance Retreat Advance 
3.5 + 0.2 2.4 + 0.3 0.70 0.255 
2.4 + 0.3 0.82 + 0.14 0.030 0.235 

Retreat 

0.235 
0.205 

1 Reedy Glacier 
1 Tillire Spur 
2 Scott Glacier 
2 Mr. Blackburn 
2 Mt. Saltonstall 

2 Mr. Innis-Taylor 
3 Amundsen Glacier 

3 Mr. Wisting 
4 Shackleton Glacier 
4 Roberts Massif 
4 Mr. Block 
4 Dismal Buttress 

4 Half-Century Nunatak 
4 Bennett Platform 
4 Mr. Roth 

40tway Massif 
S Beardmore Glacier 
S Dominion Range 
S Mr. Deakin 
6 Mr. Sirius 
7 Mr. Feather 

8 Taylor Valley 
8 Wright Valley 
8 Shapeless Mountain 
9 Carapace Nunatak 
9 Coombs Hills 
9 Allan Nunatak 

10 Beaufort Island 

11 McKinley Peak 
12 Mr. Sidley 
15 Mr. Steere 

14 Toney Mountain 
1S Mr. Murphy 
16 Mr. Takah6 
17 Jones Mountains 
18 Fisher Nunatak 

19 Mr. Lyreburner 
19 Mr. Weems 
20 Dufek Massif 

3360 ø 

3440 o 
3500 ø 
3500 o 

3500 o 

3440 ø 
3440 ø 
3420 o 
3420 ø 
3420 o 
3360 ø 
3420 o 

$460 ø 
3400 o 
3460 o 
2800 ø 

2640 ø 
2460 ø 
2380 ø 
2320 ø 

>770 e 
>3000 

3000 

<1600 h 
>2500 e 
>3400 e 

>774 
>1792 e 
>1940 e 
>2210 e 

>763 e 

336od? 

342o d 

346o d 

2150 

2100 

1800f 1650g 
1200g 

Maximum age (m.y.B.P.). 
inimum age (m. y. B.P. ) 

Sirius Formation, older layer. 
Sirius Formation, younger layer. 

eThese peaks were covered by ice. 

divide to the Ross ice shelf barrier is better 
approximated by parallel flowlines than by 
radially diverging flowlines, and for the former 
case the equilibrium surface profile for an ice 
sheet frozen to its bed is [Haefeli, 1961] 

q- = 1 (2) 

and for an ice sheet melted at its bed is [Nye, 

1959] 

+ =t (3) 

where h and x are vertical height and horizontal 
length, respectively, measured from the base 
of an ice sheet at the ice divide, H and L are 
their maximum values, the bottom of the ice 
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Antarctic Glaciations Related to the 20 Regions in Figure 3 
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Glaciation Glaciation Glaciatlon 
Phase 4 Phase S Phase 6 

Advance Retreat Advance Retreat Advance Retreat 
0.205 0.165 0.145 0.107 0.072 0.043 
0.165 0.145 0.107 0.072 0.045 0 References 

1800 1660 1400 
1800 

1300 1120 910 
2400 

2400 

2400 

1600 1300 1200 
2000 

1840 1630 1400 
2200 

2600 

2300 

2600 

1700 

3OO 

2200 
1960 1300 750 

1800 

1200 
1900 

1450 h 650i 2000 o 

1000h 800 i o 
2400 

2000 
2000 

2000 

200 0 
750 

2550 
1500 

1600 

500 

1300 

558 

1610 

1600 

1600 

523 

Mercer [1968a, 1972] 
Mercer [1968a, 1972] 
Mayewski [1972] 
Mayewski [1972] 
Mayewzki [1972] 
Mayewzki [1972] 
Mayewski [ 1972] 
Mayewzki [1972] 
Mayewzki [ 1972 ] 
Mayewzki [ 1972 ] 
Mayewzki [ 1972 ] 
Mayewski [1972] 
Mayewski [ 1972 ] 
Mayewski [1972] 
Mayewzki [ 1972 ] 
Mayewski [ 1972] 
Mercer [1968a, 1972] 
Mayewski [ 1972 ] 
Mayewski [1972] 
Mercer [1968a, 1972] 
Mayewzki [1972] 
Denton et al. [1970] 
Calkin et al. [1970] 
Mayewzki [1972] 
Mayewzki [1972] 
Mayewski [1972] 
Mayewzki [1972] 
P•w• [ 1960] 
Wade [1937] 
Doumani [ 1964 ] 
LeMazurier [!972] 
LeMazurier [1972] 
LeMazurier [1972] 
LeMazurier [!972] 
•utford et al. [1972] 
Cameron and Goldthwait [1961] 
Craddock et al. [ 1964] 
Craddock et al. [1964] 
Cameron and Goldthwait [196!] 

fTaylor 4 and Ross 4 glaciations. 
gTaylor 3 and Ross 3 glaciations. 
h. Taylor 2 and Ross 2 glaciations- Wright Upper 4 and Loop glaciations. 
ZTaylor 1 and Ross 1 glaciations; Wright Upper 5 and Triology glaciations. 

sheet is flat, the top of the ice sheet has con- 
stant accumulation, and an average value of A 
can be used in the flow law (1). The bottom of 
the west antarctic ice sheet is not fiat but aver- 
ages about 500 meters below sea level. This 
elevation is a surface of constant • in the ice 
and is the effective bed of the ice sheet when 

applying (2) and (3) [Weertman, 1961; Budd, 
1970]. The top of the ice sheet has a rather 
uniform snow accumulation in Marie Byrd Land 

and on the Ross ice shelf [Bull, 1971], and in 
any case moderate variations in snow accumu- 
lation will not significantly alter the ice sheet 
profile [Nye, 1959]. From the observed general 
correspondence of the profiles of temperature : 

and ice phy•cal properties down the coreholes 
at Byrd Station and Little America 5. it is pos- 
sible to use an average A in (1). The shape of 
the surface profiles predicted by (2) and (3) 
must be modified' somewhat at the center 
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Fig. 4. Past and present profiles along the ice flowline shown in Figures 2 and 5. Shown 
are (1) present elevations of bedrock (heavy line), the flotation buoyancy line (dotted line), 
and the ice sheet top surface (light line), (2) regions of strong seismic sounding and radio- 
echo basal reflections, possibly brine pockets trapped when the ice cover became grounded, 
(3) the angle of present ice top surface slope •, the angle of flotation line slope a, and the 
gross angle between bedrock and the bottom ice shelf surface •, (4) estimated past ice ele- 
vations with (solid circles) and without (open circles) reductions for isostatic depressions, 
and (5) theoretical wet-base equilibrium surface profiles for the oldest and youngest known 
glacial advances, (6) elliptic quadrants and (7) probable ice shelf during youngest known 
glacial advance (dashed line). (From the SPRI-NSF flights, appendix, and data by Mayewski 
[1972].) 

[Weertman, 1961] and the edge [Nye, 1967] of 
the ice sheet, but these adjustments are not 
necessary for the purpose of this paper. 

The thin line segments along the bed in 
Figure 4 locate regions along the flowline in 
Figure 3, where basal melting has been detected 
by seismic sounding [Dewart, 1973], by coring 
[Gow et al., 1968], and by radio echo sounding 
[Robin et al., 1970b]. Basal melting under the 
the entire Marie Byrd Land ice cover is pre- 
dicted theoretically [Zotikov, 1963; Budd et al., 
1970]. Therefore (3) is used as a theoretical 
fit to the estimated former ice elevations in 

Figure 3, where n = 3 gives the best fit (this 
is why n = 3 was used in the appendix). Ap- 
parently the west antarctic ice cover was an 
equilibrium ice sheet during these former glaci- 
ations, since (2) and (3) give equilibrium sur- 
face profiles. It is obvious that the present 
surface profile cannot• be matched to either of 
these equations for any n, strongly indicating 

that the present west antarctic ice cover is a 
nonequilibrium ice sheet. 

Dating the latest i•tability in the •ormer 
ice cover. The former ice elevations indicated 

in Figure 6 are supported by the profile of the 
oxygen isotope ratio • -- •80/•60 down the 
coreholes at Byrd Station [Johnsen et al., 1972] 
and Little America 5 (Dansgaard, personal 
communication, 1972). Using the oxygen isotope 
profile down the corehole at Camp Century, 
Greenland, as a standard (because the entire 
Camp Century record shows excellent correla- 
tion with climatic events known from indepen- 
dent sources) Johnsen et al. believe that the 
west antarctic ice sheet has undergone consid- 
erable fluctuations during the last 80-100 
millenia. Since • increases about 1%o per degree 
Centigrade, and the adiabatic lapse rate is 
about 1øC increase per 100-meter decrease in 
elevation, an increase of • with time can be 
interpreted as an increasing deposition tempera- 
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ture due to climatic warming over the ice sheet, 
reduction in elevation of the ice sheet, or both. 
If climate has been stable, Johnsen et al. 
sh.ow from the 8 profile at Byrd Station that 
some 80,000 years ago the west anta•,ctic ice 
cover was nearly 1000 meters lower than at 
present and coincided with the Barbados 1 
high sea level [Broecker, 1968]. The general 
climatic trend during the last 8000 years is 
in phase for both hemispheres [Auer, 1960] 
and comparing the Byrd Station and Camp 
Century 8 profiles over this period leads 
Johnsen et al. to conclude that beginning 
4000 years ago the mass balance of the west 
antarctic ice sheet .turned strongly negative and 
led to a reduction in ice thickness of 300-500 

meters at Byrd Station (in their definition, a 
negative mass balance occurs when snowfall is 
insufficient to maintain an ice elevation that is 

being lowered by downstream flow). 
When the mass balance turned negative, pre- 

sumably nonequilibrium conditions initiated the 
instability zone that now separates the concave 
and convex portions of the grounded ice cover. 
Along this zone, d•h/dx • -- 0, and if this zone 
is presently moving inland, the reduction in 
ice elevation was first experienced at the 
grounding line. According to data plotted in 
Figure 4, the most recent equilibrium ice sheet 
was grounded near the present barrier of the 
Ross ice shelf using the grounding line pro- 
posed by Houtz and Meijer [1970]. From the 
glacial geology in south Victoria Land, Denton 
eta/. [1970] find that the latest Ross Sea glacia- 
tion began its retreat not later than 9500 years 
ago. This retreat was not experienced upstream 
from Byrd Station until about 4000 years ago 
according to the oxygen isotope data, and by 
this time glacial geology studies in south Vic- 
toria Land show that the open sea had reached 
the former grounding line near the present ice 
barrier [Denton et al., 1970] and isostatic uplift 
had begun [Nichols, 1961]. 

The difference between the youngest (lowest) 
ancient ice profile and the present ice profile 
in Figure 4 represents an ice loss of about 1.5 x 
106 km 8 for the west antarctic portion of the 
Ross Sea ice drainage basin. This volume of 
ice would result in a sea level increase averaging 
0.75 ñ 0.15 mm yr -• over the last 4000-6000 
years and compares with independent estimates 
of the rate of increase during this period [Shep- 
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ard, 1963; Jelgersma, 1966; Redfidd, 1967; 
Scholl and Stuiver, 1967; $choll et al., 1969]. 

The isostatic response to a reduction o! the ice 
cover. If the former west antarctic ice cover 

was as thick as indicated in Figure 4, the under- 
lying bedrock must have been isostatically de- 
pressed [Weertman, 1961]. Negative free air 
gravity anomalies predominate over both Marie 
Byrd Land [Robinson, 1964; Bentley and 
Chang, 1971] and the Ross ice shelf [Bennett, 
1964]. However, less accurate Marie Byrd Land 
surface elevations place the negative anomalies 
within the errors of measurement. With the 

present elevation uncertainties in Marie Byrd 
Land, ice thickness reductions of several hun- 
dred meters would be undetected by gravity 
measurements [Bentley, 1964]. Over the Ross 
ice shelf, however, isostatic uplift can be de- 
tected, and Bennett [1964] calculates that 600 
meters of sediment would have accumulated 

under the Ross ice shelf if it became ungrounded 
10,000 years ago. Hence the isostatic uplift 
adjustment in Figure 4 should probably not 
be made for the most recent glacial advance, 
and the equilibrium surface profile over the 
Ross ice shelf does fit the open circles better 
than the solid circles. 

THE GROUNDED ICE COVER 

instability and the surface profile. Equi- 
librium surface profiles are calculated from •,, 
which is responsible for the laminar flow com- 
ponent of a grounded ice sheet. When basal 
sliding does not occur the effect of •, is distrib- 
uted throughout the ice and (2) gives the 
surface profile [Hae•eli, 1961], but when basal 
sliding occurs the effect of • becomes largely 
concentrated at the bed and (3) gives the sur- 
face profile [Nye, 1959]. Disregarding local 
variations related to bed topography and mete- 
orological effects, the west antarctic ice sheet 
surface is convex only near the ice divide, and 
becomes concave toward both the Ronne ice 

shelf and the Ross ice shelf (Figure 3). As (2) 
and (3) show, an equilibrium surface profile 
must be convex, and, according to Figure 4, the 
west antarctic grounded ice cover did have a 
convex surface in the past. Therefore one might 
ask if the surface profile inflection point near 
Byrd Station is migrating inland. If so, the west 
antarctic ice cover is still disintegrating. 

Instability and ice velocity. The present 
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stability of. the grounded portion of the west 
antarctic ice cover can be addressed by con- 
sidering the results of the BSSN traverse [De- 
wart, 1973; Brecher, 1973; Whillans, 1973a, b]. 
The BSSN traverse parallels the broad trend of 
the ice streamlines that pass through Byrd 
Station, and only a slight divergence of these 
streamlines is observed [Whillans, 1973a, b], so 
that lateral flow will be relatively insignificant 
compared to downstream flow. 

The stress and strain rate vertical profiles 
through a grounded ice sheet unable to slip on 
its bed are those for the lower half of a visco- 

plastic material compressed between inclined, 
frictional, parallel plates [Nye, 1957]. Take x 
as horizontal and positive downstream, y as 
horizontal and normal to the flow direction, z 
as vertical and positive upward, and the origin 
of these orthogonal coordinates to be at the 
base of the ice sheet. For no flow in the y 
direction and no slip along the bed 

•r• ---- •r, :!: 2(v • -- v•,•')•/•' (4a) 

= - z) cot 0 (4b) 

v,, = pg(h -- z)tan 0 (4c) 

where 0 is the angular inclination. For ice 
sheets, 0 is the top surface slope. 

The BSSN consists of two parallel lines of 
posts, posts 1-103 are odd, and posts 2-104 are 
even. Surface strains were measured for the 51 

quadrilaterals defined by four posts each. Let 
v, and w be the respective velocity components 
along x, y, and z, with single-prime and 
double-prime terms applying to upstream and 
downstream points, respectively, along a flow- 
line. For a BSSN quadrilateral, single-prime 
terms apply to the upstream pair of posts and 
double-prime terms apply to the downstream 
pair of posts. Hence, longitudinal horizontal 
distances from the ice divide are x' and 
lateral horizontal distances between post pairs 
are Ay' and Ay", mean vertical ice thicknesses 
for each post pair are h' and h", horizontal 
longitudinal ice velocities are u' and u", and the 
net ice accumulation rate within the quadri- 
lateral is a. For each quadrilateral, Ax = x" -- 
x', Ay = Ay" -- Ay', Ah = h"-- h', Au = 
u" -- u', and a -- a• -]- a•, where a, and a• are 
the top 'surface and bottom surface net ice 
accumulation rates, respectively. The longitudi- 
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nal, lateral, and vertical strains are • -- (x" -- 
x')/x', • -- (Ay" -- Ay')/Ay', and •, -- (h" -- 
h')/h', respectively. Average values are 
A(y), (h), and (u). 

Applying the temperature profile at Byrd 
Station to the BSSN, the curve in Figure 5 
being approximated by two straight lines, for 
o 

T•i + A[(T•/T)- 1] - 

- + 

and for % _• z/h _• 1, 

where fi = 0.24 and fi' = 1.114 are for the 
linear approximations. 

Posts 1-2 at the downstream BSSN terminus 

are close to Byrd Station, and both snow accum- 
ulation and surface velocity at these posts seem 
to be affected by the presence of Byrd Station 
(Figure 6). Hence posts 3-4 will be used in the 
following calculations because they seem to be 
more typical of the downstream end of the 
BSSN. Let ut be the measured top surface 
velocity at BSSN posts 3-4. Assuming zero 
velocity at the ice divide, ut is the summation 
over j -- 51 quadrilaterals of the top surface 
velocities Au, inside quadrilaterals. Using (1), 

0.8 

0.6 

' LITTLE A 
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0.2 

0 
I00 1.02 I 04 1.06 I 08 1.10 I 12 

T M/T 

Fig. 5. Reciprocal homologous temperature 
T•./T versus normalized ice thickness z/h down 
the Little America 5 and Byrd Station coreholes. 
(From Bender a•d Gow [1961] and Gow et al. 
[1968].) 
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(5), and (6), where u• is the basal sliding veloc- 
ity and uo is the differential shear creep velocity, 

i 

fo /o h - •b* dx -]- y c* dz 

h u•, + 2 A-'% '"-• •'x, dz 

h 2 u• + A" 

. -- O'z) 2 
(n--l)/2 

ß • ' :g2 Txz n dz 

•' 2 A •. dz -----u• + -" " 

u• --[- 2(pg tan t•)" foh A-"(h -- z)" dz 

----- u, -[- 2(pg tan O)"B 

[f•/• '•,.o exp [--C(1 -]- [•(z/h)](h -- z)" dz 

-]- exp (--C•')(h -- z)" dz 

(7) 

Here 77 -- 2e? is the differential shear creep 
strain rate and becomes a laminar flow strain 
rate when •? -- 0 so that e• -- ex•. Nye 
[1959] demonstrated convincingly that this 
simplification is justified by analyzing flow at 
station A125 (78øN, 53øW) on the British 
North Greenland Expedition traverse, where h, 
0, and T were comparable to the BSSN values. 
Along the downstream portion of the BSSN 
average values are h -- 2500 meters and tan 
0 -- 2 X 10 -8 , giving uo -- 3.22 m yr -• for n -- 
1.5 and uo -- 1.65 m yr -• for n -- 3.0, using the 
previously specified values of p, g, B, C, •, and 
•'. Both values of n are included by taking 
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u• -- 2.5 ---+ 1.0 m yr-L Figure 6 gives ut -- 11.0 
m yr -• at BSSN posts 3-4. Therefore, u• -- 
8.5 •- 1.0 m yr -• from (7), where m -- 5 suffices. 

Let (u)• be the differential shear creep velocity 
averaged through h, then 

(u)•=• u•dz=• •*dzdz 
= (2/h)(pg tan 

ß A-'(• - z)' dz •z (S) 

Equation 8 can be graphically integrated or 
solved by u•ng the method of successive ap- 
proximations described by Nye [1959]. The 
result is {u)o -- 2.0 • 1.0 m yff•, which includes 
values for both n -- 1.5 and n -- 3.0. 

The mass balance for a BSSN quadr•ateral 
is obtained from conservation of volume and is 

illustrated in Figure 6' 

Ay"h"u"= Ay'h'u' 

+ }(Ay" + Ay')(x" -- x')a (9a) 

h'u%, + h' Au(1 + e•) 
a = Ax(1 + %/2) 

+u'Ah(l+ e•)+ AhAu(l+ e•) (9b) 
Ax(1 + e•/2) 

Let u• be the ma• balance velocity summed 
over j quadrilaterals. Therefore 

ß k•y •h • 

+ 2 •y•h • 

. •(1 + •)• 

- . (1 - •) + •(• + •) 
(•0) 

where (1 + (•)(1 + (•) • 1 + (• + (•-- 1 -- 
(• since (• + (• + (• -- 0 by conservation of 
volume. Equation 10 is plotted in Figure 6 for 
a, o•y, giving (u,)• -- 9.0 m yr-' at BSSN 
posts 3• due to snow acc•ulation on the top 
surface. Note that u• -- u" when j -- 1, as is 
required by (9a). 
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Fig. 6. Glaciological re•lts along the 51 we• slope quadrilaterals of the BSSN. Sho• 
are (1) firn and be&ock elevations, (2) snow accumulation in ice equivalent, (3) surface ice 
velocity measured from the strain network, (4) the component of surface ice velocity due • 
ice accumulation, co•ec•d for lateral •d vertical convergence or divergence, (5) a dia•am 
sho•ng how the m•s flux through a strain net quad•later• was calculated, •d (6) pos• 
•-34 where a reve•d ph• •ismic reflection prec•ed the main reflection. (Ba•d on data 
by Dewart [1973], Brecher [1•3], and Whillans [197•, b].) 

When the ice sheet is in equilibrium, the mass 
balance velocity u, will equal the steady state 
velocity u,, where u, = u• + (u)o. Under non- 
equilibrium conditions there will be a net veloc- 
ity increment 3u due to mass imbalance, where 

•U = U m -- Us 

: [(urn),-{-(u•)b]- [ub -{-(u).] (11) 

Zotikov [1963] and Budd et al. [1970] have 
determined from theoretical considerations that 

the central portion of West Antarctica is a 
region of basal ablation. Hence a,( 0 is ex- 
pected along the BSSN, so that (u,),( 0 at 

post 3-4. Solving (11) using (u,), = 9.0m yr -•, 
u,: 8.5 •- 1.0 m yr -•, and (•)=: 2.0 ñ 1.0 m 
yr -• from the analysis of BSSN data, gives 8u = 
--1.5 m yr -• at BSSN posts 3-4 even without 
basal melting. Ice is moving downstream faster 
than it is being replaced by snowfall upstream, 
and the BSSN has a negative mass balance of 
at least 17%: 

Errors associated with the choice of n in the 
flow law tend to cancel in computing u,, and 
the temperature profile insures a small error in 
u,, even in the extreme case of perfectly plastic 
flow versus perfectly viscous flow. Uncertainties 
in snow accumulation and surface strain as 
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reported by Br½½h•r [1973• and •Vhi•ans 
[1973a, 5• are under 10% of measured values. 
Therefore the conclusion that mass balance is 

negative along the BSSN seems reasonable, 
provided present snow accumulation rates were 
not significantly greater in the past few millenia. 
Furthermore, this conclusion has independent 
support from the analysis of oxygen isotope 
ratios for the Byrd Station corehole, as reported 
by Johnsen et al. [1972]. 

Instability and ice streams. Downstream 
from Byrd Station the general trend is a de- 
crease of both 0 and h with distance from the 

ice divide, although great local variations occur 
(Figure 4). Zot,ikov [1963] and Budd et al. 
[1970] predict a sign reversal of a,toward the 
Ross ice shelf grounding line, with increasing 
basal freezing rates downstream from Byrd 
Station. A progressive decrease of 0 and h in 
(7) combined with an increasingly positive a, in (10) tend to restore equilibrium conditions 

since u• --)'u• in (11). If flow tends to concen- 
trate in ice streams, however, frictional heat 
will increase in the downstream direction as 

the ice streams accelerate. Hence a,might be- 
come increasingly negative in ice streams and 
tend to preserve local nonequilibrium flow by 
neutralizing the effects of decreasing • and h. 

Ice drainage from Marie Byrd Land into the 
Ross Sea seems to be mainly channeled into the 
large ice streams shown in Figure 2. Each ice 
stream has its own drainage area in the Ross 
Sea ice drainage basin, and Figure 7 shows these 
drainage areas and the snow accumulation (ice 
equivalent) in each area. The width and depth 
of the ice streams near the grounding line have 
been determined by Robin et al. [1970], and 
with the snow accumulation data for Marie 

Byrd Land [Bull, 1971] an estimate of the mass 
balance ice velocity in and between ice streams 
can be made along the Ross ice shelf grounding 
line. Table 2 presents the results, namely that 
86% of the Marie Byrd Land annual ice input 
is discharged by ice streams B, C, D, and E and 
that ice crossing the grounding line averages 
470 m yr -• in the ice streams and only 50 m yr -• 
between ice streams. Therefore these ice streams 

control the rate of ice discharge from the 
grounded ice cover, and any instability which 
initiated a surge would presumably have its 
most dramatic effects in the ice streams. In fact, 
relative to the ice cover between them, the ice 

7899 

streams are permanently surging because they 
attract basal meltwater [•V½½rtman, 1969, 
1972a]. In Table 2, a• -- 0 is assumed. 

T•E FLOA?•NG ICE COVES 

The flow regime o• the Ross ice shel[. The 
flowline shown in Figure 2 is of interest not only 
because past and present ice profiles can be 
constructed along it but also because absolute 
velocities along it are known for the portion 
along the BSSN (assuming absolute velocity is 
zero at the ice divide) and at RISS stations 133 
and 53. Table 3 lists the ice velocity, ice thick- 
ness, and flowline length at the ice divide, BSSN 
posts 3-4, RISS station 133, and RISS station 
53. In general, there is a net convergence of 
flowlines from the ice divide to the ice barrier, 
but the major ice streams experience divergent 
flow immediately downstream from the ground- 
ing line and around local grounding points that 
appear as islands or ice rises on the ice shelf 
(Figures 2 and 8). 

Flowlines on the Ross ice shelf can be ap- 
proximately traced by relating ice thickness 
contours t,o the major ice streams along the 
grounding line and to the absolute ice ve- 
locities along the N-S and E-W legs of the 
RISS traverse. This has been done in Figure 8. 
Note that the major ice streams feeding the ice 
shelf remain defined by the ice thickness con- 
tours but are practically unrecognizable from 
the absolute velocity vectors. The grounding line 
ice input rates for the major ice streams of 
West Antarctica and East Antarctica are given 
in Table 2 and Figure 9, respectively. Compar- 
ing these input rates with the RISS absolute 
velocity vectors in Figure 9 emphasizes the 
capacity of the floating ice cover to dampen ice 
stream flow. The fact that floating ice streams 
tend to merge velocities while retaining individ• 
ual topographic identity might be explained by 
a surge. Ice elevation in a surging glacier is de- 
creased in the upstream collapsed portion and 
increased in the downstream advancing portion, 
causing a concave upstream profile and a convex 
downstream profile. Ice streams on the Marie 
Byrd Land side of the Siple Coast grounding 
line have a lower elevation than the flanking 
ice and their continuations on the Ross ice 

shelf side of the Siple Coast grounding line have 
a higher elevation than the flanking ice. There- 
fore, perhaps the west antarctic ice sheet has 
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TABLE 2. 
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Accumulation in the Ross Sea Ice Drainage Basin of Marie Byrd Land and Discharge 
along the Siple Coast Assuming Equilibrium and Zero Basal Balance 

Marie Byrd Land Siple Coast 

Region Area, 
(Figure 7) km 2 

Accumulation,a Volume, Width, b Thickness,b Velocity, 
gm cm -2 yr -1 km 3 yr -1 km meters m yr -1 

A • 

AB d 27,500 
B 175,500 
BC 8,750 
C 165,800 
CD 14,500 
D 126,200 
DE 

E 152,000 
EF 49•500 
F 

45 1000 

1S.O 4.50 90 700 71 
15.0 28.63 75 800 477 
15 ? 1.45 85 750 22 
16.1 29.50 85 660 526 
15 ? 2.37 120 830 24 
16.3 22.45 60 850 440 

15 

16.5 27.58 80 800 428 
16.8 9.07 200 SS0 82 

40 350 

Bull [1971]. 
Robin et al. [1970]. 
D, rainage r.egions of major ice streams. 
Drainage regions between major ice streams, 

surged, with the Marie Byrd Land portion 
being the concave zone of collapse and the Ross 
ice shelf portion being a remnant of the down- 
stream zone of advance. Su.ch a rapid advance 
would explain why the major ice streams pre- 
served their topographic definition but lost their 
velocity definition when they became 
grounded. Former grounding lines in the no•h- 
ern Ross Sea would allow the presurge ice 
streams to e. •rode the sea floor, and the elongated 
sea floor tr•oughs Shown in FigUres 2 and 3 can 
be approximately ma.tched with the ice thiCk- 
ness imprint of ice streams on the Ros, s ice 
shelf shown in Figures 2 and 8. 

Ice streams A and C are identified in Figure 
2, and Figure 9 shows their central fio.wlines in 
relation to absolute ice velocity vectors along 
the RISS traverse, where ice stream A separates 
east antarctic' ice from west antarctic ice and 

ice stream C passes through RiSS stations 133 

T•BLE 3. Data along the Flowline in Figure 3 

u, m yr -1 h, meters x, km 

Ice Divide 0 3150 e 0 
BSSN Posts 3-4 12 ñ 1 a 2280 e 155 
Grounding hine 660 d 780 
RISS Station 133 523 • 4 b 480 b 1065 
RISS Station 53 841 ñ 5 b 350 b 1365 

ß 

a'Whillans [1975a, b]. 
b Dorrer et al. [1969], Dorrer [1970]. 
c Daoart [1975]. 
d Robin et al. [1970]. 

and 53. It seems clear that ice leaving the Siple 
Coast of West Antarctica flows around Roose- 
velt Island to the Ross ice shelf barrier. The 

longitudinal strain rate %• .is positive since 
absolute velocity vectors on the RISS E-W leg 
exceed those on the RISS N-S leg. The lateral 
strain rate •,• is negative since ice streams A 
through D converge (Figure 2). The simple 
Shear strain rate •,,• is positive because absO- 
lute velocity vectors on the RISS N-S and 
E-W legs are relatively constant (in fact, veloc- 
ity even tends to decrease toward the southern 
end of the RISS N-S leg). 

Basal melting along the Siple Coast grounding 
line. Basal freezing over large areas of the 
Ross ice shelf is not expected from a consid- 
eration of steady state heat flow [Robin, 1968], 
radio echo r'esults [Robi• et al., 1970b], or 
mass balance calculations for Antarctic ice 

.shelves • in general [Thomas and Cosleft, 1970]. 
However, Ross Sea salinity increases as the 
RoSs ice shelf barrier is approached from the 
north [Jacobs et al., 1970.], and this could be 
caused by salt being expelled at the sea-ice 
interface under the Ross ice shelf if the net 

basal freezing predicted by Zumberge [1964] 
occurs. 

Even if net basal freezing occurs under the 
Ross ice shelf, Figure 10 shows that basal 
melting increases rapidly towa.rd the ice barrier 
[J. H. Zumberge, unpublished data, 1971], and 
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it can rather convincingly be shown that a 
similar increase toward the grounding line is 
likely. From Table 2, the average Siple Coast 
grounding line-mass balance ice velocity is 
about 260 m yr -• and is about 526 m yr -• for 
ice stream C which passes through RISS station 
133. From Table 3, the absolute ice velocity is 
323 -- 4 m yr -• at RISS station 133, and this 
velocity includes a longitudinal ice shelf spread- 
ing rate of several hundred meters per year 
[Hughes, 1972c] if no net basal melting occurs 
along ice stream C between the Siple Coast and 
RISS station 133. Therefore, basal melting is 
highly likely in this region and is probably 
concentrated along the grounding line because 
the ice shelf seems to thin dramatically in this 
region [Thiel and Ostenso, 1961]. 

Retreat o[ the Ross ice shel[ grounding line. 
High ablation rates along the grounding line 
should cause grounding line recession. If the 

Ross ice shelf grounding line began retreating 
10,000 years ago from a position about 80 km 
north of the present ice barrier, as has been 
suggested, the average retreat rate has been 
about 70 m yr -•. During this time, sea level 
has apparently increased an average of about 
1 mm yr -• [Shepard, 196.3; Jelgersma, 1966; 
Redfield, 1967; $choll and Stuiver, 1967; 
Scholl et al., 1969]. Referring to Figure 4, for 
the flowline under consideration the length of 
the floating ice shelf is about 600 km and the 
basal ice is about 300 meters above the sea 

floor at the ice barrier. This gives • • 5 X 10 -•, 
where • is the gross angle between the ice shelf 
base and the sea floor at the grounding line; 
• is not greatly changed for the former ice 
shelf profile proposed in Figure 4. Keeping • 
constant during a sea. level increase of I mm 
yr -• requires the grounding line to retreat an 
average of 2 m yr -• over the past 10,000 years. 

REEDY 

GROUNDING LINI 

SCOTT GL. 

GL. 

SHACKLETON GL. 

GL. 

ICE STREAMS 

LENNOX-KING GL. 

<-...--NIMROD GL. 

BYRD GL. 

I BARRIER 

Fig. 8. Detailed flow of the Ross ice shelf. Shown are (1) the major west antarctic ice 
streams and east antarctic outlet glaciers, (2) selected absolute velocity vectors shown as 
arrows on the RISS traverse, (3).Ross ice shelf thickness contours at 50-meter intervals from 
the SPRI-NSF radio echo flights, (4) ice flowlines drawn as thin lines parallel to the absolute 
velocity vectors and generally normal to the ice thickness contours. (Modified from the 
SPRI-NSF Ross Ice Shelf Map [1972].) 
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Fig. 9. General flow of the Ross ice shelf. Shown are (1) major ice streams from Marie 
Byrd Land, including the depression of the ice sheet surface above these ice streams as shown 
by the 200-meter and 500-meter elevation contours (the mass balance ice inputs from these 
ice streams are given in Table 2), (2) the major outlet glaciers from East Antarctica, includ- 
ing the mountainous areas projecting through the ice sheet as shown by blackened areas 
(the ice inputs from these outlet glaciers are given in parentheses), (3) the centerline of ice 
stream A in Figure 2, which separates east antarctic ice from west antarctic ice (heavy 
dashed line), (4) the ice flowline in Figures 2, 3, and 4, that joins ice stream C in Figure 2 
(heavy solid line), (5) convergence of ice flow from the grounding line of Marie Byrd Land 
to the barrier of the Ross ice shelf (thin straight lines connecting Roosevelt Island to ice 
stream A and normal to the flowline of ice stream C), (6) absolute velocity vectors along the 
E-W legs (stations 0-69) and N-S legs (stations 100-133 in parentheses) of the I•I.SS (thin 
straight lines connected to dots), and (7) RISS stations where the basal melting rates pre- 
sented in Figure 10 were calculated (circled dots along the RISS traverse). (From Giovinetto 
and Zumberge [1968]; Dotter et al. [1969]; Robin et al. [1970]; and J. I-I. Zumberge, un- 
published data, 1971.) 

Hence increasing sea level accounts for only 
a minor part of the apparent retreat rate of 
the grounding line, and the major cause of 
retreat must be due to an inherent instability 
in the west antarctic ice sheet that is largely 
independent of known sea level changes. 

A possible consequence of extensive basal 
melting along the Siple Coast grounding line 
but concentrated under the major ice streams 
is retreat of the grounding line up the ice 

streams. This also would eventually cause a 
retreat of the grounding line between ice 
streams, such as appears to have happened 
between ice streams D and E in Figure 2. If a 
local ice dome exists between ice streams, such 
as the one between ice streams C and D in Fig- 
ure 2, it will become a rise or island on the ice 
shelf when the flanking ice streams become un- 
grounded and merge. Roosevelt Island was 
probably an ice dome that became isolated 
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when the grounding line retreated around the 
high ground under the dome until ice streams 
D and E finally merged. 

An estimate of the recent retreat velocity 
of the Marie Byrd Land grounding line of •he 
Ross ice shelf is possible from a comparison of 
calculated and measured ice thickness changes 
at RISS station 133. If independent mechanisms 
contributing to Ah are additive, the calculated 
difference in ice thickness between the ground- 
ing line and RISS station 133 is 

Ah : Ahe 4' Ah• 4' Aha (12) 

where Abe, Ahc, and Aha are the respective ice 
thickness changes caused by extension from 
gravity thinning, compression from lateral con- 
vergence, and mass balance caused by a net 
accumulation or ablation. The conservation of 

volume principle is used to calculate Abe from 
e• • and the values of '•, h, and x listed in Table 
3. It can be shown [Hughes, 1972c] that lateral 
compression % causes only a minor extension • 
so that Ahc • 0. Since a averaged for the •op 
and bottom surfaces is unknown between the 

grounding line and RISS station 133, it will be 
assumed that a • 0 so that. Aha • 0. There- 

fore, as a first approximation Ah • Ah•. Since 
ice shelf thinning over hundreds of years is 
being considered, the strains involved are large 
and it is necessary to use true strains e,j in 
place of engineering strains e•j. From conserva- 
tion of volume, letting single primed values 
refer to the Siple Coast grounding line and 
double-primed values refer to RISS station 133 

ez -- --ex -- ey (13a) 

In (•z 4- 1) = --In (•x 4- 1) -- In (•y 4- 1) 
(13b) 

ln [ h" -- h' 1] h' 4' 

- ] = --In ¾ u')/a + 1 

_ln[AY"-- AY ' ] ' Ay' 4- I (13c) 

L a'_I = 

- L2-s' _1 
where (u)- • (u" + u'). 
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Fig. 10. Basal melting rates under the Ross ice 
shelf calculated at each of the RISS stations 
circled in Figure 9 (J. H. Zumberge, unpublished 
data, 1971). 

Values of (u> and • can only be estimated 
for ice stream C between the grounding line 
and RISS station 133, because u' must be esti- 
mated from the mass balance for Marie Byrd 
Land assuming no basal melting or freezing 
(Table 2) and e• • must be estimated from theo- 
retical spreading rates [Hughes, 1972c]. How- 
ever the uncertainties in {u) and e• • are com- 
pensating, and using the x, h, and u values in 
Table 3 to solve (13d) gives h" • 275 meters 
for n : 1.5 and h" • 203 meters for n : 3 

[Hughes, 1972c]. Averaging these values gives 
Ah : --421 __+ 36 meters compared to Ah ---- 
--180 meters from Table 3. This discrepancy is 
so large that it can only be explained if, over 
at least the past Ax/u" = 880 years, there has 
been a large positive mass balance or if the 
grounding line has been retreating. 

The first explanation requires that a > 0 so 
that Ah• > 0 in (12). In fact, over the last 
millenium a = [(421 4- 36 meters) -- ('180 
meters)I/J880 years] : 0.27 4- 0.04 m yr -•, 
and using the present accumulation rate of 
a, = 0.14 ___ 0.05 m yr -• requires a basal freez- 
ing rate averaging a• -- 0.13 4- 0.09 m yr -•. 
However, no sea ice layer has been detected 
by radio echo sounding; in fact, substantial 
basal melting is expected for this part of the 
flowline in Figure 9. This explanation therefore 
seems unlikely. 
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The second explanation requires that 880 termined by the length of a draining water 
years ago the ice thickness at the present pocket), the grounding line should immediately 
grounding line was h' -- Ah -b h" -- (421 _ recede to that point. This could upset the local 
36m) -b (660 meters) -- 1081 _ 36 meters. flow dynamics enough to cause a grounding line 
For sea floor depths under the Ro• ice shelf surge of the major ice stream involved. Such 
reported by Crary et al. [1962a, b] and plotted a situation may explain the unusually rapid 
in Figure 4, an ice cover this thick at the recent retreat rate of the grounding line of 
present grounding line would require a ground- ice stream C predicted by (12) and (13), pro- 
ing line further downstream in the vicinity of vided the recent retreat did in fact occur. If so, 
RISS station 133. Hence the grounding line has the former grounding line may have been at a 
retreated about 300 km during the last rail- postulated grounding point, causing the fork in 
lenium at an average rate of about 300 m yr -•. ice stream C shown in Figure 2. 
If maintained, this retreat rate would unground 
the west antarctic ice sheet in about 6000 years, CONCLUSIONS 
raising sea level over 4 meters worldwide. How- A polar ice sheet grounded below sea level • 
ever, this fast retreat rate may be temporary. may be inherently unstable due to its capacity 
For example, if the grounding line retreat had to respond drastically to moderate climatic 
averaged 70 m yr -• over the last 10,000 years, warming, its ability to trap brine pockets dur- 
as expected, then 300 m yr -• for the last 1000 ing grounding, and its optimum probability 
years requires 44 rn yr -• for the preceding 9000 for thermal convection. Any one of these insta- 
years and this would be the usual rate. A recent bility features might result in disintegration of 
surge would further reduce the usual retreat the ice sheet at a much more rapid rate than 
rate, although equations 13 are not derived for would seem possible for a similar ice sheet 
such conditions. grounded above sea level. Hence, the west 

One condition for a sudden rapid retreat of antarctic ice sheet is expected to be much less 
the grounding l•ne is illustrated in Figure 4. stable than the east antarctic ice sheet, and 
The dotted flotation line shows the elevation of this seems to be verified by the limited data 
sea level necessary to unground the Marie available. These data suggest that the west 
Byrd Land ice cover. A: net negative mass antarctic ice sheet has followed the general 
balance causes a general lowering and a drain- trend toward disintegration experienced by 
ing water pocket under one of the 'pseudo ice other continental ice sheets toward the end of 
shelves' shown in Figure 4 causes a local lower- the last Pleistocene ice age. Disintegration of 
ing [Robin et al., 1970b]. Since the slope a these ice sheets was occasionally checked by 
of the flotation line is the average of the top temporary advances, and this pattern also seems 
and bottom surface slopes of the ice cover, to hold for the west antarctic ice sheet. The 
local sectors may exist where a •_ 0 in the reduction of ice 'elevation in central Marie 
downstream direction. This condition is espe- Byrd Land, on outlet glaciers through the 
cially probable when a deep water pocket is Transantarctic Mountains, and on various 
being drained, because the top surface slope is glaciers in the Dry Valleys is the only direct 
already low and the bottom surface slope is evidence that disintegration is presently con- 
increasing. Drainage of water pockets, there- tinuing. 
fore, tends to both lower the flotation line The question of whether a surge of the 
and increase its slope in the positive sense. The antarctic ice sheet initiates a chain of events 
lowering is a general phenomenon because it culminating in a global ice age is unresolved. 
includes basal ablation in the drainage channel However, this paper has tried to show that 
as well as collapse of the water pocket. The instability features possibly triggering a surge 
slope increase is a regional phenomenon con- are most likely in the west antarctic ice sheet. 
fined mainly to the ice cover overlying a col- These features could best be examined in detail 
lapsing water pocket. When the general lower- by making a comprehensive field investigation 
ing and regional slope increase combine so that of a major ice stream from its origin on the 
suddenly a _• 0 from the grounding line to a Marie Byrd Land ice divide to its terminus at 
point behind the grounding line (possibly de- the Ross ice shelf barrier. Ice stream C in 
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Figure 2 is recommended for this investigation. 
Its upper end lies in the region where thermal 
instability is most likely and here diapiric ac- 
tivity may have been detected. Its central 
portion degenerates into a number of pseudo 
ice shelves that may be related to trapped or 
draining brine pockets. Its grounding line por- 
tion is perhaps the best site for studying the 
dynamics of disintegration, because here the 
grounded and floating portions of the ice sheet 
interact most strongly and here most ice and 
basal meltwater are discharged from the 
grounded ice cover. Its floating portion may 
be the surged front of the ice sheet, with the 
outline of damped ice streams preserved by the 
ice thickness contours. The Ross Sea floor be- 

yond the present ice terminus holds a record 
of past ice stream history if the long narrow 
channels in the sea floor were eroded by ice 
streams when the ice sheet was grounded in this 
region. 

APPENDIX 

The following is an estimate of the wet-base 
ice sheet elevation needed to deposit the Sirius 
Formation. 

The Sirius Formation is a basal moraine de- 

posited in a wet environment [Mercer, 1968a, 
1972; Mayewski, 1972, 1973]. Therefore the 
base of the ice sheet that deposited the moraine 
was at the pressure melting point and had a 
basal debris layer that absorbed or deposited till, 
perhaps in the manner proposed by Weertman 
[1966] in which material is deposited in the 
zone of basal ablation (melting) and absorbed 
in the zone of basal accumulation (freezing). 
For a wet-base ice sheet the melting zone is 
toward the center and the freezing zone is 
toward the periphery. Furthermore, melting 
tends to occur when the basal slope is positive 
and freezing tends to occur when the basal slope 
is negative, taking x to be horizontal and posi- 
tive downstream, z to be vertical and positive 
upward, and the origin to be at the ice-bed in- 
terface [Budd et al., 1970]. In the Ross Sea ice 
drainage basin, east antarctic basal ice origi- 
nates in the vicinity of the subglacial Gam- 
burtsev Mountains, descends to the floor of the 
Wilkes polar subglacial basin, and ascends to 
the outlet glaciers. through the Transantarctic 
Mountains. Assuming an ancient wet-base ice 
sheet deposited the Sirius Formation when it 

retreated, the basal freezing zone where the 
basal debris was absorbed into the ice would 

extend from the floor of the Wilkes polar sub- 
glacial basin to the divide of the Transantarctic 
Mountains. 

Heat is supplied to the base of an ice sheet 
by the geothermal flux and the friction of in- 
ternal deformation. Near the center of an ice 

sheet, downstream flow is slow so little frictional 
heat is available. In this case the difference 

between the top surface temperature T, and 
the bottom surface temperature Tb is [Robin, 
1955]' 

G (2Ht•] 

ß erf a, (14) 

where G -- 1.6 X 1IT • erg cm -• yr -• is. the mean 
geothermal heat flux for continental cratons, 
C• -- 1.88 X 10" erg cm -• øC-• is the heat 
capacity of ice at constant volume, • - 1.18 
X 10 -• cm • sec -• is the thermometric diffusivity 
of ice, H is ice thickness at the center, and a, 
is the top surface accumulation rate in ice 
equivalent. 

Over the polar plateau of East Antarctica, 
a, • 3.5 cm yr -• and consists mainly of hoar- 
frost and ice crystals descending from the tropo- 
sphere [Schwerdt/eger, 1969; Bull, 1971]. These 
sources of precipitation are relatively inde- 
pendent of the ice sheet elevation, so past and 
present accumulation rates over the interior of 
East Antarctica should be about the same. At 

present, for interior East Antarctica T, m 
--55øC, H m 3.4 •, and the bed elevation 
averages. close to sea level. Using an adiabatic 
lapse rate of -1øC per +100 meters elevation 
and an isostatic bed depression of one-third 
the ice thickness [Weertman, 1961], (14) gives 
T, -- T• -- -3øC when T, m --60øC, H • 
4.3 km, and the ice sheet surface elevation is 
about 4.0 kin. Hence, the Robin analy•s for the 
interior of a polar ice sheet predicts that the 
maximum elevation of an ancient wet-base 
antarctic ice sheet is 4 kin. 

Assume the flowlines shown in Figure i were 
about the same when the postulated ancient 
wet-base antarctic ice sheet extended to the edge 
of the continental shelf and retreated to de- 

posit the Sirius Formation. In (3) take x' and 
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TABhE 4. Estimated Elevation of an Ancient •qet-Base Ice Sheet above the Sirius Formation 
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Location of 
Sirius Formation a 

Present Till x'/L h'/H 
Elevation, a meters (Equation 3) (Equation 3) 

Former Ice 

Sheet Elevation, meters 

Tillite Spur 2600 0.500 0.840 3360 
Mt. Blackburn 3000 0.460 0.860 3440 
Mt. Saltonstall 2200 0.450 0.875 5500 
Mt. Innis-Taylor 2200 0.450 0.875 5500 
Mt. Wisting 2000 0.450 0.875 5500 
Roberts Massif 2100 0,460 0.860 5440 
Mt. Block 2700 0.460 0.860 5440 
Dismal Buttress 2500 0.470 0.855 5420 
Half-Century Nunatak 2600 0.470 0.855 5420 
Bennett Platform 2150 0.470 0.855 5420 
Mt. Roth 800 0.500 0.840 5560 
Otway Massif 2400 0.470 0.855 5420 
Dominion Range 2200 0.450 0.865 5460 
Mt. Deakin 2800 0.480 0.850 5400 
Mt. Sirius 2500 0.450 0.865 3460 
Mt. Feather 2800 0.700 0.700 2800 
Sha•eless Mountain 2400 0.750 0.660 2640 
Carapace Nunatak 2000 0.790 0.615 2460 
Coombs Hills 1900 0.810 0.595 2580 
Allan Nunatak 1750 0.820 0.580 2520 

a Mayews•i [1972]. 

h' as flowline surface coordinates above each of 
the twenty Sirius Formation sites listed by 
Mayewski [1972] for the Transantarctic Moun- 
tains, L as the distance along flowlines from the 
center of the ice sheet to the edge of the con- 
tinental shelf, H -- 4 km as the wet-base ice 
sheet central thickness above sea level, and 
n -- 3. Table 4 then gives the estimated ancient 
wet-base ice sheet elevations at the •wenty 
known deposits of the Sirius Formation. Note 
that former ice sheet elevation minus present 
till elevation does not give ice thickness above 
the Sirius Formation •ites, since reduction of 
the ice cover has been accompanied by isostatic 
uplift. 
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